In a cell, the chromatin state is controlled by the highly regulated interplay of epigenetic mechanisms ranging from DNA methylation and incorporation of different histone variants to posttranslational modification of histones and ATP-dependent chromatin remodeling. These changes alter the structure of the chromatin to either facilitate or restrict the access of transcription machinery to DNA. These epigenetic modifications function to exquisitely orchestrate the expression of different genes, and together constitute the epigenome of a cell. In the skin, different epigenetic regulators form a regulatory network that operates to guarantee skin stem cell maintenance while controlling differentiation to multiple skin structures. In this review, we will discuss recent findings on epigenetic mechanisms of skin control and their relationship to skin pathologies.
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T he mammalian genome is organized into a highly compacted structure that allows a 6-mm nucleus to accommodate 3 billion base pairs of DNA (Redi and Capanna 2012; Van Bortle and Corces 2012) . Strikingly, the nuclear architecture and the level of genomic compaction are highly dynamic and depend on the state of the cell with the chromatin structure changing to regulate gene expression (Hemberger et al. 2009; Bickmore and van Steensel 2013) . These so-called epigenetic modifications change the accessibility of DNA to transcriptional machinery in such a way that chromatin state can be inherited.
Different epigenetic regulators have specific enzymatic actives that modify DNA or chromatin. One mechanism includes changing the chemical composition of DNA by the addition of a methyl group that is usually associated with transcriptional repression (Fig. 1 ) (Smith and Meissner 2013) . DNA is wrapped around eight histone proteins to form nucleosomes ( Fig. 2A) , and a second mechanism involves modifying specific amino acid residues on the histone tails ( Fig. 2B ) (Andrews and Luger 2011) . These posttranslational histone modifications are able to recruit additional proteins that either positively or negatively affect transcription ( Fig.  2C ) (Barski et al. 2007; Wang et al. 2008) . Different epigenetic complexes can be classified by enzymatic activity, and together they interact to establish the epigenetic state of the cell (Berger et al. 2009; Ho and Crabtree 2010; Botchkarev et al. 2012) .
In stem cells, the epigenetic control of gene expression plays an essential role in regulating stem cell maintenance by repressing expression of differentiation genes while allowing cell-cycle progression and cell renewal (Goldberg et al. 2007; Spivakov and Fisher 2007) . On differentiation, the epigenetic machinery represses stemness genes, but promotes expression of cellcommitment genes. Although it has been shown that the chromatin state of a cell can be reverted (as in iPS reprogramming) (Papp and Plath 2013) , under physiological conditions the epigenome sets a genetic memory that is preserved through cell division. The epigenetic control of stem cells is present through all life stages, maintaining the equilibrium between self-renewal and differentiation to regulate tissue homeostasis. It is thus not surprising that genetic aberrations in components of epigenetic machinery are observed in many human diseases, including cancer (Widschwendter 2007; Chi et al. 2010) .
Recent studies in skin have revealed a critical role for the chromatin regulators in control of development and homeostasis. In this review, we will describe in detail the mechanisms of DNA methylation, histone modifications, and nuclear topology in skin control. Most of our insight into the role the different chromatin remodelers play in the skin comes from genetic studies performed in vivo with murine models or in vitro with human and murine keratinocytes; these studies will be discussed throughout the review and are summarized in Table 1 . We will also discuss the role of different activating and repressing epigenetic marks during epidermal stem cell differentiation, focusing on the orchestration of skin stem cell control and the diseases that can result from epigenetic abnormalities.
DNA METHYLATION
Conversion of cytosine bases in DNA to 5-methyl-cytosine (5mC) is one of the best-characterized epigenetic modifications in vertebrates and is mostly associated with transcriptional repres- Between protein octamers, histone H1 helps to stabilize the linker DNA. The amino terminus of each core histone protrudes outside the protein octamer. These "histone tails" are the target of posttranslational modifications. Histone tail modifications described in the text are presented in (B). The histone acetyltransferases (HATs) catalyze the addition of acetyl residues on specific lysine residues. Other conserved lysine residues are methylated. In particular, the activity of the polycomb repressive complex 2 (PRC2; through the enzymatic activity of Ezh1 and Ezh2) mediates the di-and trimethylation of the Lysine 27 on the Histone H3. This modification is then recognized by the PRC1 mediating the condensation and epigenetic silencing of a DNA region. See main text for details. The lysine residue modified by the methyltransferase activity of Setd8 is also represented. (C ) Under some circumstances, histone variants are introduced into the nucleosome by histone chaperones. See main text for details. (D) Nucleosome positioning can be altered by ATP-dependent chromatinremodeling complexes that results in a more relaxed chromatin permissive for transcription. Fessing et al. 2011 sion (Reik 2007; Smith and Meissner 2013) . This postreplication modification occurs predominantly in the context of the CpG dinucleotide, although in embryonic stem (ES) cells, 5mC has also been detected in the CpA and CpT contexts (Ramsahoye et al. 2000) . The presence of 5mC is generally believed to repress transcriptional activity by blocking the binding of transcription factors to DNA or by recruitment of methyl-DNA-binding proteins, such as MeCP2 or MDB1, that then recruit chromatin repressor complexes ( Fig. 1) (Klose and Bird 2006) . In mammalian genomes, up to 80% of the CpG sequences are methylated, and most of the unmethylated CpG are found in regions of high CpG content, known as CpG islands (Reik 2007) , close to the promoters and first exons of actively transcribed genes. Although DNA methylation is generally associated with transcriptional repression, there are some examples in which 5mC is thought to mediate gene expression by recruitment of the mCpG-binding protein C/EBPa (CRE enhancer-binding protein alpha-isoform), which functions as a transcriptional activator (Oh et al. 2007; Rishi et al. 2010 ).
The Role of DNA Methylation in Skin Differentiation
During skin stem cell differentiation, DNA methylation changes occur specifically in regulatory regions of developmental genes. These changes consistently happen in the CpG island shores and occur in two directions: (1) gain of methylation-dependent repression of nonskin genes on cell commitment, and (2) demethylation of epidermal lineage-specific genes Bock et al. 2012) .
There are three DNA methyltransferase enzymes that are responsible for the DNA methylation state in mammalian tissues (Smith and Meissner 2013) . DNA methylation is maintained by DNMT1, which copies the pattern of methyl marks from the parent strand to the daughter strand after cell division ( Fig. 1) , and loss of the ability to maintain DNA methylation results in early embryonic lethality (Li et al. 1992) . The de novo methylation of unmodified DNA is catalyzed by the DNMT3A and 3B methyltransferases ( Fig. 1) (Okano et al. 1999; Bird 2002) . In the skin, DNMT3A and 3B are expressed in the basal layer of the epidermis Nandakumar et al. 2011) where they are thought to play an important role in establishing DNA methylation in nonepidermal genes during skin stem cell differentiation. Consistent with this, about 20% of the repressed genes are methylated de novo during epidermal differentiation ). However, the exact role of DNMT3A and 3B in skin homeostasis and differentiation is still not fully understood.
DNMT1 is expressed in the hair follicle and in the basal layer of the epidermis, and its expression rapidly diminishes on differentiation Li et al. 2012) . Conditional ablation of DNMT1 from mouse epidermis results in sebaceous hyperplasia, thickened epidermis, and up-regulation of some differentiation markers (Li et al. 2012 ). This phenotype probably results from the aberrant differentiation of basal cells caused by the loss of the methylation-dependent repression of epidermal differentiation genes. The animals lacking DNMT1 in the epidermis also show signs of premature and progressive alopecia during aging as a result of reduced proliferation and increased apoptosis in the hair follicle stem cells (HFSCs; Li et al. 2012 ). This effect is attributed to lack of methylation-dependent repression (and the consequent up-regulation) of the cell-cycle inhibitor p16 INK4A (Table 1) . Knockdown of DNMT1 in human epidermis generated from xenografted keratinocytes implanted onto immune-deficient mice results in premature differentiation and epidermal hypoplasia ). The tissue also showed decreased proliferation and loss of cell renewal capabilities, accompanied by cell-cycle arrest because of up-regulation of the Ink4a/ Arf/Ink4b locus (Table 1) . Concordantly, depletion of UHRF1, a protein that aids to direct DNMT1 to hemimethylated DNA and is expressed in undifferentiated basal cells, also resulted in up-regulation of differentiation genes and decreased proliferation Mulder et al. 2012 ). Thus, the activity of DNMT1/UHRF1 mammalian skin stem cells seems to be fundamental to maintain the equilibrium between preventing differentiation by repressing differentiation genes and allowing stem cell proliferation by repressing genes that block cell-cycle progression Mulder et al. 2012) .
This complex DNA methylation dynamic is consistent with initial observations showing that exposure of human keratinocytes to 5-aza-cytidine (a nucleoside analog that inhibits DNMTs) results in differentiation and inhibition of growth (Table 1) (Okada et al. 1984; Rosl et al. 1988) . The effects of this agent were particularly interesting at the epidermal differentiation complex (EDC), a 1.5-Mb cluster of genes involved in late epidermal differentiation that undergo coordinated expression during keratinocyte differentiation (Bazzi et al. 2007 ). Treatment with 5-aza-cytidine induced expression of SPRR1/2 and involucrin, but repressed the expression of S100A2 (Elder and Zhao 2002) .
In this regard, it has been shown that in keratinocytes, the transcription factor C/ EBPa has a higher affinity for promoters that contain a methylated cAMP repressor element (TGACGTCA) (Rishi et al. 2010) . Expression of C/EBPa increases on differentiation and seems to be specific to the suprabasal layers, which suggests it might play a role in epidermal differentiation (Rishi et al. 2010 ). Further, the overexpression of C/EBPa in the skin leads to hyperplasia of the basal layer of the epidermis whereas its down-regulation in vitro results in inhibition of differentiation (Oh et al. 2007; Rishi et al. 2010) . These phenotypes are compatible with the role of C/EBPa in inducing expression of methylated genes involved in skin differentiation. Remarkably, the methylation status of the C/EBPa targeted epidermal genes does not change during differentiation, and thus it is the gain in C/EBPa expression on differentiation that induces expression of the methylated promoters (Rishi et al. 2010) . Taken together, this data shows that during epidermal differentiation DNA methylation can act in opposing ways to affect gene expression: repression via DNMTs or activation via C/EBPa recruitment.
Alternatively, some epidermal genes undergo active demethylation during the differentiation process . Among them are S100P and EphA2, a tyrosine kinase receptor important for skin terminal differentiation Bock et al. 2012) . Although our understanding of the demethylation mechanism operating in mammals is incomplete, it seems that in the skin, loss of 5mC is in part mediated by the activity of Gadd45, a protein capable of promoting demethylation via DNA repair (Barreto et al. 2007; Zhang et al. 2011) . Gadd45 is up-regulated on skin stem cell differentiation, and its knockdown in skin stem cells prevents induction of differentiation genes in vitro ). Accordingly, overexpression of Gadd45 in skin stem cells induces premature differentiation, probably as result of demethylation and activation of epidermal differentiation genes . Recently, it has been proposed that hydroxylation of 5mC mediated by ten-eleven translocation (TET) dioxygenases can lead to active demethylation of DNA, and this modification plays a fundamental role in tuning the balance between pluripotency and differentiation in ES cells (Ito et al. 2010) . However, the role of this novel DNA modification and the TET proteins in epidermal differentiation are yet to be elucidated.
DNA Methylation Alterations in Skin Diseases
Alterations in DNA methylation have been reported in different human diseases including cancer (Bergman and Cedar 2013) . In skin, DNA methylation alterations are common hallmarks of skin cancer. For example, hypermethylation of the tumor suppressor genes (TSGs) Tcadherin and E-cadherin is commonly observed in basal cell carcinoma (BCC) and squamous cell carcinoma (SCC). Generally, reduced expression of cadherin adhesion molecules aids in the invasiveness of the cancer cells, and thus reduced cadherin expression is directly associated with the aggressiveness of these kinds of skin cancers. Another group of TSGs that are commonly found hypermethylated in BCC are the cell-cycle inhibitors 14-3-3d (Lodygin et al. 2003), p16 INK4A , and p14 ARF , whose down-regulation promotes the rapid cell growth and genomic instability typical of cancer cells.
Alterations in DNA methylation have also been reported in other skin diseases (Millington 2008) . For example, in psoriasis, a chronic inflammatory skin disease, the hypermethylation and resulting down-regulation of p16 INK4A seems to be more prevalent in severe lesions than in nonaffected skin areas (Zhang et al. 2007 . In atopic dermatitis, another complex skin disease characterized by chronic and severe itching, the levels of DNMT1 seem to be lower when measured in blood of affected patients (Sehra et al. 2008) suggesting that DNA methylation levels may contribute to the pathogenesis of this disease.
The skin is the primary body barrier against environmental insults, and thus skin cells are especially susceptible to mutations induced by ultraviolet (UV) radiation. Consistent with this, exposure to UV light is the main etiological factor in skin cancer progression (Marks 1995) . Interestingly, UV exposure increases the expression of DNMT1, 3a, and 3b in the epidermis (Nandakumar et al. 2011) , and this up-regulation is even more dramatic in UV-light-induced mouse tumors or human BCC samples, in which it contributes to hypermethylation and silencing of p16 INK4A and RASSF1A (Nandakumar et al. 2011; Brinkhuizen et al. 2012 ). This hypermethylation is accompanied by increased occupancy by MBD1, MeCP2, and histone deacetylases (see the Chromatin Modifications section), exemplifying the interplay between DNA methylation and histone modification enzymes in skin tumorigenesis. What role UV-light-induced silencing of TSG via DNA methylation plays physiologically is still an open question, but one likely hypothesis is that this mechanism is an effort by the skin to reconstitute the UV-damaged tissue by inducing epidermal proliferation.
Importantly, epigenetic misregulation could be treated by pharmacological approaches (e.g., the demethylating agent 5-aza-cytidine [Vidasa] could be used to treat BCC and SCC), with the expectation that demethylation of TSGs such as p16
INK4A or RASSF1A could induce senescence of the cancer cells (Li et al. 2009; Brinkhuizen et al. 2012 ).
CHROMATIN MODIFICATIONS
Chromatin structure can be modified by the interplay of different molecular mechanisms including posttranscriptional modification of histones, ATP-dependent chromatin remodeling, or incorporation of histone variants (Fig.  2) . These alterations in chromatin structure can act to activate or repress transcription by promoting an open chromatin conformation and recruitment of transcriptional components, or compacting the chromatin through recruitment of repressor complexes, respectively. In this section, we will discus the interaction of the different chromatin modifications during skin development and homeostasis.
Histone Posttranslational Modifications
Histones are subjected to a variety of posttranslational covalent modifications, such as acetylation, methylation, phosphorylation, ADP-ribosylation, ubiquitination, sumoylation, arginine deamination, and proline isomerization. These modifications occur mostly at the amino-terminal parts called histone tails, and both the type of modification and its location determine the effect on gene transcription (Fig. 2B) . Posttranslational modifications alter histone -DNA and histone -histone interactions and, thus, regulate the accessibility of transcription factors and components of transcriptional machinery to the DNA Clapier and Cairns 2009; Meissner 2010; Talbert and Henikoff 2010) . The different histone modifications often act cooperatively and synergistically to either repress or activate transcription, and the specific combination of histone modifications will constitute the epigenetic state of the cell. This so-called "histone code" is akin to an epigenetic readout that determines the transcriptional state of a DNA region (Nessa et al. 2012 ).
In the epidermis, two well-characterized modifications are histone methylation and acetylation, which are dynamically regulated by methyltransferase/acetyltransferase enzymes that establish these modifications and demethylase/deacetylase enzymes that remove them (Wang et al. 2009 ). Histone methylation marks can have both activating and repressive roles depending on which residue of the histone tail is modified. Acetylation occurs on multiple lysine residues and normally positively affects gene expression (Fig. 2B) . Histone acetylation is regulated by two families of enzymes: histone acetyl transferases (HATs), many of which are transcriptional coactivators, and histone deacetylases (HDACs), which are generally associated with gene repression Wang et al. 2009; Suganuma and Workman 2011) . As will be discussed in more detail below, the presence of distinct methylation and acetylation marks on histones are not entirely independent events, as the complexes that regulate the different enzymatic activities have been shown to interact with each other (van der Vlag and Otte 1999).
Regulation of the Repressive H3K27me3 Histone Mark
One of the best-studied repressive histone modifications is the trimethylation of lysine 27 on histone H3 (H3K27me3). Two chromatin modifiers with opposing activities regulate this mark and their mechanisms have been well described in skin (Botchkarev et al. 2012; Zhang et al. 2012) . The polycomb repressive complex (PRC) acts to repress genes by methylating H3K27 through a mechanism involving two subcomplexes (PRC1/2), with the methyltransferase activity being catalyzed by the interchangeable Ezh1 or Ezh2 subunits (Fig. 2B ) (Cao et al. 2002; Min et al. 2003; Margueron et al. 2008; Shen 2008) . The counterparts of the PRC are JMJD3 and UTX, Jumanji family proteins, which are capable of removing methyl groups from H3K27 to release genes from polycomb repression (Agger et al. 2007; De Santa et al. 2007; Lan et al. 2007; Shaw and Martin 2009) .
In the epidermis, the H3K27me3 histone mark is associated with numerous gene promoters, including those for late epidermal differentiation genes and multiple nonskin lineages (Ezhkova et al. 2009; Lien et al. 2011) . Several polycomb subunit proteins (Ezh2, Eed, Bmi1, Cbx2, and Pcgf2) are highly expressed in mouse epidermal progenitors, and are down-regulated in differentiated suprabasal cells (Reinisch et al. 2007; Ezhkova et al. 2009 ). Functional studies have shown that Ezh2-mediated repression prevents binding of the transcription factor AP1 to its target genes, many of each encode for critical proteins required for epidermal barrier formation. Conditional ablation of Ezh2 from embryonic epidermal progenitors results in the selective up-regulation of epidermal differentiation genes, including many genes of the EDC cluster, and a resulting acceleration in epidermal barrier formation (Table 1) (Ezhkova et al. 2009 ). Interestingly, in vitro studies showed that human keratinocytes expressing a histone H3 K27-demethylase JMJD3 differentiate prematurely, whereras loss of JMJD3 leads to arrested differentiation (Table 1) (Sen et al. 2008) . Further work will be needed to determine the mechanism of H3K27 demethylation in vivo in control of epidermal development and maintenance of epidermal stem cell state.
It has been shown that Ezh1, an Ezh2 paralog, is expressed in the epidermis and can compensate for loss of Ezh2 (Ezhkova et al. 2009) . A new study of the embryonic epidermal progenitor cells shows that Ezh1 and Ezh2 also play a critical role in the differentiation program of the Merkel cells ), a specialized cell type of epithelial origin responsible for mechanotransduction of sensory stimuli (Haeberle and Lumpkin 2008; Maricich et al. 2009; Bardot et al. 2013) . Recent work has proposed Sox2 as a master regulator of Merkel cell differentiation (Driskell et al. 2009; Bardot et al. 2013; Lesko et al. 2013) , and loss of both Ezh1 and Ezh2 from epidermal progenitors leads to a dramatic increase in the number of fully differentiated Merkel cells, which is a direct result of loss H3K27me3 repression at Sox2 (Driskell et al. 2009; Bardot et al. 2013; Lesko et al. 2013) . Together these studies show evidence for the role of polycomb-mediated repression in maintenance of epidermal progenitor cells by repressing both suprabasal and Merkel cell lineages. However, control of these two lineages differs mechanistically. During suprabasal layer differentiation, transcription factors including AP1 are present in the epidermal progenitors, but polycomb-mediated repression prevents their recruitment to target genes. On the other hand, for Merkel cell differentiation, the polycomb complex represses Sox2, the key transcription factor required for Merkel cell specification.
The H3K27me3 histone mark also plays important roles during skin homeostasis. In the absence of Ezh1 and Ezh2, the hair follicles suffer a decrease in proliferation and eventual degeneration (Table 1) (Ezhkova et al. 2011 ). The dissection of molecular mechanisms has shown that loss of Ezh1/2-triggered activation of the Ink4a/Arf/Ink4b locus, resulting in inability of HFSCs to proliferate and leading to loss of the hair follicles.
Although the role of the polycomb complex in skin development and homeostasis is well studied, its role in the skin during stresses such as wound healing and age-related decline are poorly understood. The activation of the Ink4a/Arf/Ink4b locus is a hallmark of aging ), and indeed expression of PRC subunits is often reduced in aged skin (Ressler et al. 2006; Cordisco et al. 2010 ). However, the specifics of how this activation leads to the familiar phenotypes associated with aging are unclear. On wound healing, it is known that PRC subunits are down-regulated as JMJD3 is simultaneously up-regulated during mouse skin repair (Shaw and Martin 2009) . This results in a drastic loss of H3K27me3 at the wound site as the genes needed for repair are rapidly induced.
Many PRC subunits have been tied to the onset and progression of cancers from tissues including lung, prostate, breast, and skin (Kleer et al. 2003; Cha et al. 2005; Sudo et al. 2005; Matsukawa et al. 2006; Simon and Lange 2008; Karanikolas et al. 2009; Suva et al. 2009; Balasubramanian et al. 2010; Cao et al. 2011; Eckert et al. 2011) . Although skin cancers with elevated levels of PRC subunits are well known, the specific mechanisms for how H3K27me3 controls skin tumorigenesis are unclear. The two main theories are related to the repressive action of H3K27me3. The first theory is that overexpression of PRC subunits could keep tumor-initiating cells in a highly proliferative state causing increased growth potential. The second hypothesizes that PRC expression can cause aberrant repression of tumor suppressors, which would normally act to prevent cancer formation. Knowing which genes are specifically and incorrectly targeted by H3K27me3 in skin cancers will help to determine what targets may be amenable for clinical treatments.
Dynamics in Histone Modifications on Stem Cell Activation and Differentiation
Recent studies have found that histone modifications are very dynamic and that changes in stem cell state correlate with changes in epigenetic modifications (Cui et al. 2009; Wang et al. 2009; Fisher and Fisher 2011) . Actively transcribed genes are characterized by multiple histone modifications, the most clearly identified being trimethylation of histone 3 at lysine 4 (Fig.  2B, H3K4me3) , which marks the transcription initiation site and is associated with transcriptional initiation. Di-or trimethylation of lysine 79 (H3K79me2/3) is also present at active genes, but is located at the 3 0 region of the transcribed gene and is associated with transcriptional elongation (Wang et al. 2009 ). Analysis of the global distribution of histone modifications has shown that some gene promoters are simultaneously enriched in both active (H3K4me3) and repressive (H3K27me3) marks, which is thought to put genes in a "poised-to-go" state (Cui et al. 2009; Wang et al. 2009; Fisher and Fisher 2011) . Bivalent promoters are very abundant in ES cells and have also been identified in other stem cell lineages, including a small number of genes in the HFSCs .
The hair follicle has a population of quiescent HFSCs that become active during the growth phase of the hair cycle and proliferate, giving rise to transit amplifying (TA) cells in the hair follicle (Blanpain and Fuchs 2009) . Histone methylation profiling of these distinct populations of cells found that in the quiescent HFSCs, genes associated with the stem cell fate contain the active H3K4me3 and H3K79me2 marks, whereas genes associated with the TA fate only have the H3K27me3 repressive mark . In TA cells, the opposite pattern was ob-served, with repressive H3K27me3 marks present on the stem cell genes and activating H3K4me3 and H3K79me2 marks present on genes required for the TA fate . When the quiescent HFSCs become active, they start acquiring repressive H3K27me3 repressive marks on genes required for the stem cell fate, placing these genes in a bivalent state . The fact that only a small number of genes were bivalently modified in the HFSCs suggests that this state is less important in adult somatic stem cells than in ES cells, where it is critical to maintain a wider differentiation potential.
Transcription Activation by Setd8-Mediated Histone Methylation
Histone H4 monomethylation on lysine 20 (H4K20me1) is present at transcriptionally active genes and catalyzed by the histone methyltransferase Setd8 (Fig. 2B) . Loss of Setd8 in the epidermis both during development and in adult skin resulted in loss of proliferation and impaired differentiation, accompanied by loss of the interfollicular epidermis and sebaceous glands (Table 1) (Driskell et al. 2012) . Setd8 was shown to be a target of c-Myc and required for c-Myc-induced epidermal proliferation (Driskell et al. 2012) . The loss of differentiation in Setd8-null skin is a result of the lack of H4K20me1-mediated activation of p63, a gene expressed in basal cells that is thought to function as a master regulator of the stratification of the developing epidermis (Blanpain and Fuchs 2007; Driskell et al. 2012) . However, the failure of Setd8-null skin to proliferate is mostly because of increased expression of p53, which results in increased apoptosis in the basal layer of the epidermis (Driskell et al. 2012) . These phenotypes illustrate the fine epigenetic control on both positive and negative regulators of differentiation and cell-cycle progression such as p63 and p53 by H4K20me1, and thus it is not surprising that global changes in H4K20me1 are a frequent hallmark of cancer (Fraga et al. 2005) . It is therefore important to better understand the role that Setd8 plays in both tissue homeostasis and transformation in the skin.
The Role of Histone Acetylation in Epidermal Differentiation
Another well-characterized posttranslational modification on histones is acetylation (Fig.  2B) . It has been shown that actively transcribed regions of DNA typically contain acetylated histones within the nucleosomes. By removing these acetyl marks from histones, HDACs promote chromatin compaction and repress transcription. Two members of the HDAC family, HDAC1 and HDAC2, have been shown to be associated with other transcriptional corepressors and can act with PRC2 to mediate gene repression (van der Vlag and Otte 1999). During development, removal of HDAC1 and HDAC2 from the basal cells of the epidermis results in loss of proliferation of the skin stem cells together with loss of stratification of the epidermis, lack of hair follicle formation, and eventual apoptosis in the basal layer (Table 1 ) (LeBoeuf et al. 2010 ).
This phenotype is very similar to the phenotype of the removal of p63 from the skin (Mills et al. 1999; Yang et al. 1999) . Indeed, HDAC1/2 bind to the same promoter regions of the genes repressed by p63, and loss of HDAC1/2 results in increased expression of p63-repressed genes while not affecting the p63-activated genes (LeBoeuf et al. 2010) . One of the truncated forms of p63, DN-p63a, functions as a survival factor in epidermal cells. Not surprisingly, DNp63a has been found to have enhanced expression in 80% of SCCs, and was shown to function synergistically with HDAC1/2 to inhibit apoptosis (Rodrigues et al. 2012) . Importantly, pharmaceutical inhibitors of HDACs also induced growth arrest in SCC cell lines, suggesting that HDACs are potential pharmaceutical targets for the treatment of skin cancers (Saunders et al. 1999) .
Of the genes with increased expression in the HDAC1/2-null skin, the cell-cycle inhibitors p16
INK4a and p21 are among the most dramatically up-regulated, consistent with other phenotypes showing epidermal proliferation and hair follicle abnormalities (LeBoeuf et al. 2010) . HDAC1/2 are also required to prevent hyperacetylation of p53 in the developing epi-
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Cite this article as Cold Spring Harb Perspect Med 2014;4:a015263 dermis. This mechanism is important to allow normal amplification of skin stem cells and, in fact, the increase in apoptosis observed in HDAC1/2-null epidermis is a result of increased p53 expression (LeBoeuf et al. 2010) .
As mentioned previously, loss of either HDAC1/2 or Ezh2 in the developing epidermis results in increased p16
INK4A expression (Ezhkova et al. 2009 ), consistent with the idea that HDAC1/2 interacts with PRC2 (van der Vlag and Otte 1999). However, Ezh2-null epidermis does not show a dramatic phenotype, possibly because of compensation by Ezh1 or the persistence of acetylation marks in the genome. As interaction between HDAC1/2 and PRC2 has not yet been characterized in the epidermis, it will be important to further understand whether these critical epigenetic regulators interact in keratinocytes and how.
In the adult skin, quiescent stem cells present in both the interfollicular epidermis (IFE) and the hair follicle bulge were found to have high levels of hypoacetylated histone H4, whereas Myc-induced exit from quiescence and proliferation resulted in increase acetylation of histone H4 (Frye et al. 2007) , suggesting that histone acetylation might promote proliferation of quiescent epidermal stem cells. Consistent with this observation, treatment of adult skin with the HDAC inhibitor trichostatin A (TSA) induces the HFSCs to proliferate and exit the stem cell compartment (Table 1) (Frye et al. 2007 ). Other studies showed that, similarly to the described role for histone acetylation during embryonic development, in vitro treatment of human keratinocytes or epidermal explants with HDAC inhibitors, such as butyrate and TSA, results in arrest in proliferation by promoting Cdk1 expression, as well as premature expression of differentiation markers (Table 1) (Saunders et al. 1999; Elder and Zhao 2002; Frye et al. 2007; Markova et al. 2007 ).
Histone Variants
Exciting new fields of epigenetic regulation are also emerging. Important work from the last decade has found that the substitution of canonical histones by variants can change the local or global structure of chromatin, regulating the accessibility of DNA (Fig. 2D) (Talbert and Henikoff 2010) . Recent studies have shown that a variant of the histone H2A, H2A.Z, promotes nucleosome dissociation, transcription factor binding, and efficient RNA polymerase II recruitment to DNA, and is required for differentiation of ES cells (Creyghton et al. 2008; Talbert and Henikoff 2010; Li et al. 2012 ). Although it is not known whether H2A.Z plays a role in the skin stem cells and differentiation, it will be important to investigate whether its functions are similar to those observed in other systems.
CHROMATIN REMODELING BY SWI/SNF
In addition to the covalent modifications mentioned above, several chromatin remodeling complexes have been found to play a role in regulating DNA accessibility through rearrangement of nucleosomes (Fig. 2C) . Chromatin remodeling complexes are multisubunit complexes containing SWI2/SNF2-like ATPases that hydrolize ATP to alter the interaction between histones and DNA within nucleosomes, leading to nucleosome sliding, histone eviction, or the exchange of histone variants (Clapier and Cairns 2009 ). These alterations to nucleosome structure function to destabilize histone -DNA interactions, resulting in an open chromatin state and transcriptional activation. The SWI/ SNF family, also known as the BRG1/BRM-associated factor (BAF) complex, is one of the best-characterized chromatin remodeling complexes. It consists of the catalytic ATPase subunits Brg1 or Brm as well as eight to 14 regulatory subunits (Clapier and Cairns 2009) . These subunits can be encoded by at least 20 different genes, resulting in 288 possible combinatorial assemblies, with these different complexes having potentially different DNA target affinities and functions (Clapier and Cairns 2009; Wu et al. 2009) . Interaction between the components of SWI/SNF and a plethora of regulators has been characterized, including interaction with master regulators of differentiation (AP1), cell-cycle progression (c-MYC, Rb), nuclear hormone receptors (b-catenin), and malignant transformation (BRCA1, p53) (de la Serna et al. 2006; Clapier and Cairns 2009; Wu et al. 2009 ).
In the epidermis, the activity of SWI/SNF complexes is essential for proper execution of the differentiation program. Loss of expression of Brg1 and Brm in the epidermis does not considerably affect proliferation, but does lead to aberrant expression of differentiation genes and results in defective formation of the skin barrier (Table 1) (Indra et al. 2005) . This is consistent with the known role of SWI/SNF in mediating exit from cell cycle in combination with Rb and HDAC (Zhang et al. 2000) . In spite of Brg1 being expressed in all layers of the epidermis, SWI/SNF activity is restricted to suprabasal differentiation layers. This is because of differential expression of the SWI/SNF subunit actin-like 6a (ACTL6a/BAF53a) that binds the SWI/SNF complex and prevents it from binding to its target genes (Bao et al. 2013) . Loss of ACTL6a results in loss of stem cell proliferation and exit from the cell cycle as well as premature differentiation of the epidermis, in part owing to activation of KLF4 expression (Table 1) (Bao et al. 2013 ), a critical regulator of epidermal differentiation (Segre et al. 1999) . Studies in other systems have shown that ACTL6a is also required in neuronal stem cells and hematopoietic stem cells to maintain stem cell proliferation (Lessard et al. 2007; Krasteva et al. 2012) , suggesting that ACTL6a might be a general regulator of stem cell proliferation and commitment ). It is not yet known how ACTL6a is down-regulated in the epidermis, however, microRNAs are required for the repression of ACTL6a in neuronal stem cells (Yoo et al. 2009 ) and a similar mechanism might be taking place in the skin.
A recent study has identified a novel role for Brg1 in regulating proliferation of the HFSCs during the hair cycle (Xiong et al. 2013 ). Brg1 expression increases in activated HFSCs as they start to proliferate, and its activity is required in the bulge for HFSC maintenance and proliferation by repressing the expression of the cellcycle inhibitor p27 (Table 1) (Xiong et al. 2013) . Interestingly, in TF cells located in the matrix region of the hair follicles, Brg1 binds to the promoter of the Sonic hedgehog (Shh), a regulator of the hair cycle (Blanpain and Fuchs 2009 ) that will in turn lead to increased expression of Brg1 in the proliferating cells of the bulge and hair germ/hair follicle (Xiong et al. 2013 ). It will be valuable to investigate the subunit composition of the SWI/SNF active in the hair follicle and whether the difference in subunits can explain why SWI/SNF has played such different roles in the hair follicle and the interfollicular epidermis.
Understanding how SWI/SNF activity is being regulated in the skin will be critical because SWI/SNF components are frequently mutated or down-regulated in many human cancers, and mutations in different SWI/SNF subunits confer proliferative advantages in several tumor cell lines ). In human skin cancers, both Brg1 and Brm are shown to be down-regulated in SCCs and BCCs (Moloney et al. 2009; Bock et al. 2011) . The regulatory subunits of the SWI/SNF complex are thus potential therapeutic targets because targeting them is likely to be more tissue-specific and less likely to affect the global function of SWI/ SNF.
There are three other SWI2/SNF2-like subfamilies that use different ATPases in chromatin remodeling (ISWI, CHD, and INO80), and they all use ATP hydrolysis to change the packaging state of chromatin by moving, ejecting, or restructuring nucleosomes. Studies in human keratinocytes have implicated the ISWIcontaining NURF complex and the CHDcontaining NuRD complex in maintaining stem cells in an undifferentiated state (Mulder et al. 2012) . Although there are no other described functions for these other complexes in differentiation of the skin, they are essential, along with SWI/SNF, for DNA repair. Specifically, they are required to expose DNA bases to the repair machinery as well as to repair double-stranded breaks through recombination; this process is especially critical in the skin, which is particularly susceptible to environmental DNA damaging agents (Clapier and Cairns 2009; Bao 2011) . The future function of SWI/SNF complex in control of DNA repair and skin carcinogenesis will require further investigation.
NUCLEAR DYNAMICS DURING EPIDERMAL DIFFERENTIATION
During the process of epidermal differentiation, the basal cells of the epidermis asymmetrically divide to generate the spinous layer that then terminally differentiates to the granular and cornified layers that provide the impermeable barrier of the skin. During this process, the nucleolus transitions from a state of active transcription in the basal cells to a fully inactive state in the stratum corneum (Botchkarev et al. 2012) . Remarkable work performed in vivo has shown that during this process, the size of the nucleus decreases and changes in orientation from perpendicular to parallel with respect to the basal layer (Gdula et al. 2013) . These alterations in nuclear shape are accompanied by an increase in pericentromeric heterochromatin clusters (regions of highly compacted, silent chromatin) and a reduction in nucleoli that are actively repositioned to the center of the nucleus. The nucleoli are sites of ribosomal RNA maturation and ribosome production (Sirri et al. 2008) , and thus the decrease in the number of nucleoli reflects the reduced transcriptional levels observed on differentiation.
Although the majority of gene transcription is down-regulated during epidermal differentiation, up-regulation of the EDC cluster is required to undergo terminal differentiation. During this process, the EDC remains associated with active nucleoli and is localized to the nuclear periphery where active genes are located (Gdula et al. 2013) . Accordingly, in cells in which the EDC in not expressed, such as hematopoietic stem cells, the cluster is localized to internal, silenced nuclear domains (Williams et al. 2002) . Strikingly, the proper expression of the EDC depends on Satb1, a large-scale chromatin remodeler (Fessing et al. 2011 ) expressed exclusively in undifferentiated basal cells that directly binds the EDC, keratin type I/II loci, and keratin-associated protein locus to allow the establishment of large domains of active chromatin (Gdula et al. 2013) . Surprisingly, absence of Satb1 in the epidermis increases the volume and spacing of the EDC within the nucleus, but was accompanied by down-regulation of the EDC and thinner epidermis (Table 1) (Fessing et al. 2011 ). This seemingly conflicting data indicates that Satb1 is required for higherorder DNA organization within the nucleus, and that this organization is important for proper EDC expression. This phenotype resembles p63-null skin, and, in fact, Satb1 is a downstream target of p63, proving that this genome organizer is part of the p63 regulatory network.
Thus, during epidermal differentiation, changes to both epigenetic modifications and nuclear organization at the DNA and chromatin levels work to silence nonepidermal genes and maintain accessibility of the EDC and other epidermal differentiation genes. Further understanding the precise mechanisms controlling this process, as well as characterizing the nuclear dynamics at play, will be fundamental to approaching skin diseases.
Chromatin architecture and nuclear dynamics should be further explored, as it is becoming increasingly clear that these processes play a critical role in tissue regulation. The nuclear localization of stemness and differentiation genes needs to be correlated with stem cell state. Additionally, inter-and intrachromatin interactions of key skin regulatory genes need to be determined as they might highlight an additional level of control of gene expression and skin regulation.
CONCLUSIONS
In this review, we summarized the most relevant data for understanding how epigenetic modulators regulate stem cell biology and differentiation in the skin (Fig. 3) , including implications for human skin diseases. Yet, although there is evidence to suggest a link between multiple skin pathologies and epigenetic aberrations, these correlations are mostly understudied and many questions remain. In this final section, we will address some of the most promising areas for future research.
The majority of chromatin regulatory complexes consist of multiple proteins with a few subunits possessing catalytic activity and others performing structural roles. Although most functional studies are focused on the analysis of the catalytic proteins in tissue control, the roles of other subunits of the complexes are unclear. More importantly, as some catalytic subunits are shared between different complexes and also have been shown to perform nontranscription or complex-independent functions, the conclusions from these types of studies have to be drawn very carefully (de Ruijter et al. 2003; Kouzarides 2007; Clapier and Cairns 2009; Sauvageau and Sauvageau 2010) . It is possible that the catalytic subunits act in a contextdependent manner with different subunit combinations influencing functionality or conferring DNA-binding specificity. Thus, functional studies need to be expanded to the analysis of multiple subunits of chromatin complexes before their value can be fully realized.
Regulation of gene expression is a complex process and is controlled by the orchestrated action of multiple chromatin regulatory complexes. In vitro studies in human keratinocytes have indicated that stem cell maintenance and differentiation is regulated cooperatively by multiple epigenetic regulators that modify DNA methylation, histone acetylation and methylation states, and chromatin remodelers that work together in regulatory networks (Mulder et al. 2012) . More work needs to be performed to understand how chromatin regulators interact with each other to regulate tissue homeostasis and determine the key regulatory genes altered in skin diseases. It will also be important to determine whether the function of chromatin regulators in skin control changes during stress conditions, such as wound healing and UV irradiation, as the skin is subjected to these assaults daily.
From data discussed herein, it appears that epigenetic regulators control either proliferation or differentiation in skin cells (Fig. 3) . Although it is shown that these complexes target genes of multiple developmental lineages (Ezhkova et al. 2009; Lien et al. 2011; Bock et al. 2012) , functional studies revealed that only genes of skin lineages become affected on ablation of chromatin regulator function (Ezhkova et al. 2009; Li et al. 2012 ). This paradox raises questions into why other lineages are not affected, what other players are active in the process, and how multiple factors interact to maintain the skin lineage. It will be important to uncover how genes of other developmental lineages are Figure 3 . Effects of epigenetic regulation on skin stem cells. Different epigenetic mediators operate to repress multiple effector genes to maintain stem cell proliferation and differentiation in (A) the hair follicle, and (B,C) the interfollicular epidermis. See main text for details.
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Cite this article as Cold Spring Harb Perspect Med 2014;4:a015263 regulated and how memory of tissue state is maintained. Finally, mutations in genes encoding for chromatin regulators were identified in different types of human malignancies. Importantly, in some cases, a direct role for chromatin regulators in promoting tumorigenesis has been determined. As altered expression of chromatin regulator complex components have been reported in human skin cancers, it will be crucial to determine the functional significance of these alterations for tumorigenesis and uncover whether the function of the whole complex is affected when one subunit is affected. Further, determination of downstream target genes that might affect cancer might help to devise better strategies for cancer treatment. This is especially important as single molecule inhibitors of HDAC and DNA methylation enzymes are currently in clinical trials, and thus can be easily transitioned to treat skin malignancies (Li et al. 2009; Brinkhuizen et al. 2012; Robert and Rassool 2012) . We expect that in the near future further mechanistic insights will fuel both basic and clinically relevant advances in understanding the role of chromatin regulators in skin control.
